The ability of Xenorhabdus nematophilus 19061/1 to be transformed by pHK17 plasmid DNA was studied and optimized. A number of factors, including culture conditions, stage of growth, transformation buffer pH, cation type and concentration required for the production of competency, washing, heat shock conditions, and cell-DNA ratio, were found to affect transformation significantly. On the basis of these observations, a procedure for the routine transformation of X. nematophilus 19061/1 at frequencies of 1 x 105 to 10 X 105 transformants per ,ug of pHK17 plasmid DNA was developed. Maximum transformation was obtained when cells which had reached the mid-to late-logarithmic growth phase (total counts, 2.5 x 108 to 5 x 108 cells per ml) within 4.5 to 5.5 h were washed once in cold transformation buffer before they were suspended in the same buffer to 0.1 of their original volume. The highest transformation was obtained when dimethyl sulfoxide was added in two steps to the cells immediately before the DNA was added, after which the cell-DNA mixtures were incubated for 30 min on ice before they were given a 3-min heat shock at 37°C. Following these treatments, the transformed cells were incubated in L broth-60 mM CaCl2 for 1 h before they were plated onto selective medium. We also were able to transform X. nematophilus 19061/1 with plasmid pBR325, and we transformed other species of Xenorhabdus with several common plasmids.
The genus Xenorhabdus is composed of a group of bacteria that live symbiotically with specific entomogenous nematodes (2, 4, 8, 24, 29, 30) . Xenorhabdus spp. reside monoxenically in the gut of infective-stage nematodes. The infective stage actively seeks out and infects a wide variety of insects (5, 6, 29) . Once the nematode enters an insect, it migrates to the hemolymph, where it releases its particular strain of Xenorhabdus sp. (9, 13, 16) . The infecting Xenorhabdus sp. rapidly proliferates and, in combination with the nematode, kills the insect, usually within 48 h (9, 13, 22, 26) . Most Xenorhabdus spp. are dimorphic and can exist in two forms (1, 8) . One of these forms, the primary form, produces antibioticlike substances that prevent the growth of many other competing procaryotic and eucaryotic microorganisms in the killed insect carcass, and in addition, they provide nutrients that are utilized by the nematodes (3, 15, 27) . The secondary form does not produce the antibiotics, nor is it effective in providing nutrients for the nematodes; however, it is lethal to infected insects (1, 3) . The nematodes grow readily in this protected environment and produce new infective-stage forms that leave the carcass in approximately 14 days to seek out new insect hosts. Little is known about the mechanism of pathogenicity of Xenorhabdus spp. to insects or about the physiological basis of their special relationship to their host nematodes.
Molecular genetic procedures involving recombinant DNA techniques are powerful tools for studying physiological processes such as pathogenesis in bacteria. At present there are no reports on any method of genetic exchange such as transformation, conjugation, or transduction for Xenorhabdus spp. Therefore, conventional recombinant DNA techniques currently cannot be used to study Xenorhabdus spp. We embarked on a project to develop a means of genetic transfer in Xenorhabdus spp. as a first stage in a study of the unique characteristics of members of this genus. We report the development of an efficient transformation system for Xenorhabdus nematophilus ATCC 19061 and we * Corresponding author.
show that transformation can occur in other Xenorhabdus spp.
MATERIALS AND METHODS
Bacterial strains, nematode strains, and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . The primary forms of Xenorhabdus nematophilus IM/1, Xenorhabdus luminescens RH/i, and Xenorhabdus nematophilus subsp. poinarii XU/1 were isolated from their respective nematode hosts Steinernema caprecapsae All-25, Heterorhabditis sp. strain HP88, and Steinernema glaseri by streaking the macerated, surface-sterilized nematodes onto NBTA medium, as described by Poinar (25) . The nematodes were a gift from Biosis (Palo Alto, Calif.). The secondary forms of X. luminescens RH/1 (X. luminescens RH/2) and X. nematophilus 19061/1 (X. nematophilus 19061/2) were picked up as spontaneous mutants that appeared on stock streak plates. Mosquito larvae of Culex quinquefasciatus (Say) were reared and tested for toxicity to Bacillus sphaericus toxin as described by Stray et al. (28) .
Media, conditions of cultivation, antibiotic sensitivity determination, and estimation of plasmid stability. Working stocks of all bacterial strains other than Xenorhabdus spp. were maintained on modified L-broth (LB) agar plates (12) . The Xenorhabdus spp. working stocks were maintained on NBTA plates (1) and were subcultured by streaking cells from an area of confluent growth onto fresh medium approximately every 14 days. The stock plates were incubated in the dark at 22°C. Also used in this study were YS medium (1) and brain heart infusion medium (Difco Laboratories, De- 24 h, a similar test tube, which contained LB medium without the selective antibiotic, was inoculated with 10 .1l of the original culture and was incubated as described above. Subsequent subcultures (after 24 h) were made and grown under the same conditions. Samples grown under nonselective conditions were plated onto LB medium with and without antibiotics, and the ratio of resistant to total viable cells was determined.
DNA procedures. Most of the methods involving DNA manipulations, including restriction endonuclease analysis and agarose gel electrophoresis, that were used in this study were done as described by Maniatis et al. (21) . Small-and large-scale isolations of plasmid DNA from the bacteria were performed by the method of Birnboim and Doly (7). Plasmid DNA was purified by a single pass through an ethidium bromide-CsCl gradient. The DNA fragments were separated in horizontal agarose mini-gels by using a Tris borate-EDTA electrophoresis buffer system (21 (12), and we attempted to transform the treated cells with the limited-host-range plasmid pBR325 and the broad-host-range plasmid pHK17 (20) , both of which were grown on E. coli HB101. Under these conditions we obtained transformants of both plasmids in X. nematophilus 19061/1 at efficiencies of 1 to 10 transformants per pug of DNA. Since preliminary experiments indicated that the pHK17 transformants were more stable and grew better on the selective medium than did the pBR325 transformants of X. nematophilus 19061/1, we selected plasmid pHK17 for the development of the transformation system. To avoid problems with restriction systems, pHK17 plasmid DNA isolated from X. nematophilus 19061/1 was used for all subsequent experiments unless indicated otherwise. To improve the efficiency of transformation of X. nematophilus 19061/1, we carried out a systematic investigation of the effects of factors that have been reported to enhance transformation in other gram-negative bacteria (17, 18, 23 ). The results, described below, are from experiments that were repeated a minimum of two to six times.
Effect of plasmid source. When pHK17 plasmid DNA isolated from E. coli HB101 was used to transform X. nematophilus 19061/1 by the standard transformation procedure, the efficiency of transformation was only 0.4% of that obtained with plasmid DNA isolated from X. nematophilus 19061/1. These data strongly suggest that X. nematophilus 19061/1 contains a restriction modification system. The pHK17 DNAs isolated from both X. nematophilus 19061/1 and E. coli HB101 were digested with a variety of restriction enzymes that are reported to be affected by restriction modification systems, and in every case the digestion patterns were identical (data not shown). Furthermore, we incubated DNA isolated from a number of plasmids and from bacteriophage lambda with crude cell extracts from X. nematophilus 19061/1, and although these extracts digested the DNAs, we were not able to identify a specific pattern of digestion. It is likely that fractionation of the extract will be necessary before any restriction systems of X. nematophilus 19061/1 can be defined.
Effect of growth medium. To determine the effect of the growth medium on transformation, cells were cultivated on several different media. In each case, standard inoculum and incubation conditions were used, and the cells were harvested at approximately the same Klett unit density. These data are summarized in Table 2 . On the basis of these data, unsupplemented LB medium was used to grow X. nematophilus 19061/1 for the transformation studies.
Effect of culture conditions. We observed that the conditions of growth significantly affected the efficiency of transformation. For optimum transformation it was necessary to follow a routine which yielded approximately 2.5 x 108 to 5 (18, 23) . Furthermore, Gotz et al. (16) We found that the concentration of certain antibiotics used in the solid medium is important in maximizing the recovery of pHK17 transformants. Although pHK17 transformants were recovered on plates containing 25 ,ug of tetracycline per ml, approximately 25-fold more recombinants were recovered if the tetracycline concentration was lowered to 15 ,ug/ml. These data suggest that the tetracycline resistance system of pHK17 is not expressed at a high efficiency in X. Transformation of other Xenorhabdus spp. and other plas. mids. We examined other Xenorhabdus spp. and strains for transformation with the same or similar plasmids that were used to transform X. nematophilus 19061/1. Because one of these species (X. luminescens RH/1) was sensitive to ampicillin, we were able to expand the range of plasmids tested over those used with X. nematophilus 19061/1, which is naturally resistant to ampicillin (16) . The results of these studies are summarized in Table 4 . Except when indicated, the standard transformation procedure developed for X. nematophilus 19061/1 was used.
We found that X. luminescens RH/1 could be transformed by the E. coli-derived plasmids pHK17, pPl, pUC18, pBR322, and pIMH43 (Table 4 ). We also found that X. nematophilus subsp. poinarii and a secondary form of X. nematophilus 19061/1 (X. nematophilus 19061/2) could be transformed by pHK17 plasmid DNA (Table 4) . However, X. nematophilus IM/1 was not transformed by this plasmid (Table 4 plasmids from all the transformed Xenorhabdus spp. were isolated and digested with several restriction enzymes. In every case the digestion patterns of the Xenorhabdus spp. plasmids were identical to those of the plasmids obtained from E. coli (data not shown). It is of interest that plasmid pIMH43 contained a presumptive toxin gene from Bacillus sphaericus which directed the synthesis of a protein that was lethal to mosquito larvae (data not shown) and that X. luminescens RH/1 (pIMH43) was found to have a 50% lethal dose of 370 ng/ml (dry weight) to third-instar Culex quinquefasciatus (Say) mosquito larvae, whereas wild-type X. luminescens RH/1 was not lethal to mosquito larvae. The nature of the toxic material in X. luminescens RH/1(pIMH43) has not been determined.
These results indicate that Xenorhabdus spp. are capable of being transformed by procedures with plasmids similar to those used to transform many other gram-negative bacteria. These data also show, however, that the conditions for achieving efficient transformation of X. nematophilus 19061/1 are unique and require careful attention to detail. Our preliminary data indicate that the transformation system developed for X. nematophilus 19061/1 is less effective with X. luminescens RH/1 and X. nematophilus subsp. poinarii (Table 4) . We are currently exploiting this procedure to study the unique biochemistry and insect pathology of these bacteria. Although improvements in the transformation efficiency of X. nematophilus 19061/1 can be achieved by studying this system further, the procedure described here is suitable for most, if not all, studies of X. nematophilus 19061/1 involving transformation.
